INTRODUCTION
Ninety percent of the estimated 2.2 million children infected with human immunodeficiency virus type 1 (HIV-1) worldwide live in sub-Saharan Africa (UNAIDS). This population of children has increased morbidity and mortality, the causes of which are largely infectious in nature and often vaccine preventable. HIV-1-infected children have greater rates of diarrhea, pneumonia, and measles than HIV-1-uninfected children [1] [2] [3] , and increased severity of disease, particularly measles [4] [5] [6] .
Many of the diseases affecting HIV-1-infected children are preventable with immunization, but HIV-1-infected children have decreased response rates to vaccines, including measles and tetanus 4, [7] [8] [9] . Seroconversion rates of healthy, HIV-1 uninfected children for both measles and tetanus vaccine are greater than 90% 10, 11 . In comparison, initial response rates to measles and tetanus vaccination among HIV-1-infected children are reported to range between 25%-88% and 60%-100%, respectively [11] [12] [13] . In addition to inadequate immune responses following vaccination, HIV-1-infected children may lose responses over time as they progress to AIDS. Measles and tetanus antibody responses post-vaccination have been shown to wane more rapidly among HIV-1-infected than uninfected children, with fewer than 50% maintaining protective levels 2 years after vaccine administration 8, 11, 14 .
In non-African cohorts, HAART and re-vaccination appear to be successful strategies for boosting immunity against measles and tetanus [15] [16] [17] , but current WHO guidelines do not include repeat pediatric immunization following HAART 12, 18 . Lack of effective measles and tetanus immunization strategies among HIV-1-infected children may result in a growing disease-susceptible population which could have important public health implications 19 . Half of all measles-related deaths and the majority of the world's tetanus burden are in sub-Saharan Africa, the region with the highest HIV/AIDS burden 20 . Measles deaths account for up to 45% of all vaccine preventable deaths in Africa, and measles directly or indirectly accounts for 20% of child mortality among children younger than 5 years in Kenya 21 .
In this study we determined immunity against measles and tetanus in a cohort of previously vaccinated HIV-1-infected Kenyan children before initiating HAART. We also assessed the impact of HAART on measles and tetanus IgG antibody responses before and after revaccination and defined correlates of immunity at baseline and during follow-up.
METHODS

Study subjects
Children enrolled into this study were participating in a longitudinal study of response to HAART among newly diagnosed HIV-1-infected children in Nairobi, Kenya 22 . Children and their guardians were referred from the pediatric wards at Kenyatta National Hospital (KNH) and the outpatient Comprehensive HIV Care Clinic from August 2004 through November 2005. Trained nurse counselors obtained written informed consent from guardians and written assent for participation from children older than 7 years. The study received ethical approval from the Institutional Review Boards of the University of Washington and the University of Nairobi. All children had positive HIV-1 enzyme-linked immunosorbent assays (ELISAs), were naïve to HAART at the time of enrollment, and had symptomatic HIV-1 disease (WHO stage III or IV, or CD4% <15%), as previously described 22 .
Clinical follow-up and specimen collection
At enrollment, childhood immunization history was obtained using immunization cards presented by the care provider or by verbal report from the care provider if a child's card was not available. Blood was drawn for hematology, liver function, T-cell subsets, HIV-1 RNA viral load, measles and tetanus IgG titers. Children meeting eligibility criteria were then initiated on a HAART regimen according to the Kenyan national guidelines and monitored during monthly clinic visits. First line treatment included a non-nucleoside reverse transcriptase inhibitor (NNRTI), either nevirapine or efavirenz, and two of the following nucleoside reverse transcriptase inhibitors (NRTIs): stavudine, lamivudine, or zidovudine. After 6 and 9 months of HAART, the laboratory tests described above were repeated.
Re-vaccination against measles and/or tetanus was performed 8 months after HAART initiation for those children who were measles or tetanus antibody negative at 6 months and had immune reconstitution with a CD4 percent ≥15%. Two weeks and one month after re-vaccination additional blood was obtained to measure measles IgM and measles and tetanus IgG, respectively.
Laboratory assays
CD4 T cell subsets were measured with flow cytometry (FacsCount, Becton Dickenson, USA) and HIV-1 RNA viral load was quantified using the Gen-Probe viral load assay (San Francisco, USA), a transcription mediated amplification method sensitive for detection of HIV-1 subtypes A, C, and D 23 .
Measles IgG and IgM antibody status were determined using commercial ELISA kits (Calbiotech, Inc., Germany), as previously described 24 . All samples, as well as the standard, were diluted 1:20 in sample diluent and 3-fold serial dilutions were carried out in 96-well round bottomed plates following this initial dilution. Once samples were added to antigen coated plates contained in the kits, the manufacturer's protocol was followed and the antibody index for each sample was calculated by multiplying the optical density value by the calibrator factor for the kit. The antibody index was interpreted as follows: negative <0.9; borderline 0.9 -1.1; positive >1.1. When determining need for re-vaccination, both negative and borderline indices were considered negative.
Anti-tetanus antibody titers were measured with an in-house ELISA using tetanus antigen and an anti-tetanus IgG standard obtained from the World Health Organization (WHO). Briefly, 96-well flat bottom plates (Immulon 2HB, Thermo Scientific, USA) were coated with tetanus antigen at a concentration of 1 µg/mL and incubated overnight at 4°C. Serial dilutions of participant serum (initially diluted 1:50) or 2-fold dilutions of tetanus IgG standard were added to coated plates. Plates were incubated with horseradish peroxidase-conjugated antibody (Southern Biotech, USA) and after additional washing, TMB substrate was added. All plates were read on an Emax Precision microplate reader (Molecular Devices, USA) and data were acquired using Softmax software (Molecular Devices Corp., USA). A tetanus antibody concentration >0.01 IU/ml was considered protective and defined as a positive result.
Statistical analyses
Height and weight measurements were converted into z-scores using the Nutristat software program (EPI info-version 3.2, CDC Atlanta, USA). This software sets a z-score of 0 to correspond with the median score for height-for-age, weight-for-age, and weight-for-height ratios. A score of −1 or −2 represents 1 and 2 standard deviations below the median, respectively. HIV-1 RNA viral load values were log 10 transformed. McNemar's test was used for paired comparisons of antibody status at enrollment and after 6 months on HAART. Factors were compared between children with and without positive measles and tetanus antibody assays at baseline using independent t tests. To determine whether age, baseline HIV-1 viral load, CD4 percent, z-scores, or change in these were associated with conversion to antibody positivity after HAART, we restricted analyses to children who were initially antibody negative and those who developed antibody after 6 months of HAART were compared to those who remained antibody-negative using independent t tests. For all analyses, borderline measles results were classified as negative; to define sensitivity of the results, analyses were repeated classifying borderline measles as positive.
RESULTS
Cohort characteristics
Ninety HIV-1-infected children in the cohort had been vaccinated against both measles and tetanus during their first year of life, 24 (27%) of whom had vaccination cards to confirm immunization history. Median age at enrollment was 4.9 years (interquartile range [IQR] 2.6, 6.5) and 47 (52%) were female. Median weight-for-age z-score was −2.9 (IQR −4.8,−1.8) and median height-for-age z-score −2.3 (IQR −3.6,−1.4), indicating that more than half the children were >2 standard deviations below average for these measurements. Median CD4 percent was 6.3% (IQR 3.0, 10.6) and median plasma HIV-1 viral load was 6.0 log 10 copies/ml (IQR 5.5-6.5). Sixty-two (69%) of enrolled children had been hospitalized during the preceding 6 months, 36 (40%) had been diagnosed with tuberculosis, 7 (8%) had history of meningitis, 2 (2%) had a history of malignancy, and 52 (58%) had history of pneumonia. Most (71%) of the 90 children completed 9 months of follow-up. Among those with incomplete follow-up, 11 (12%) died before 9 months and 15 (17%) were lost to follow-up. Age, gender, CD4%, HIV-1 viral load, and z-scores were not different for those with incomplete follow-up compared to those remaining in the study through 9 months.
Measles and tetanus IgG antibody at baseline
Thirty (33%) of the 90 children had positive measles IgG results at enrollment, 52 (58%) had negative measles antibody, and 8 (9%) had a borderline result. Seventy (78%) among the 90 children had a positive tetanus IgG at enrollment and 20 (22%) were negative.
Correlates of positive baseline antibody responses were determined for both measles and tetanus, and borderline measles results were considered negative in these analyses ( Table 1) . The child's age and CD4 percentage at enrollment were not associated with having a positive measles IgG antibody test. There was a trend for infants with measles antibody at baseline to have a lower viral load (p=0.09). Median HIV-1 RNA viral load among children with IgG antibody against measles was 5.8 log 10 copies/ml compared with a viral load of 6.0 log 10 copies/ml among those without measles antibody. We found no significant associations between measles IgG results and clinical factors, such as weight-for-age z-score or height-forage anthropometric z-score. The tetanus IgG result was not associated with age, laboratory, or clinical characteristics of children at baseline (Table 1) . However, there was significant correlation between tetanus and measles IgG results (Pearson's correlation coefficient=0.317; p=0.002).
Measles and tetanus antibody status following six months of HAART
Sixty-two (69%) of the 90 children completed 6 months of HAART and had repeat measles and tetanus antibody results. Overall, 26 (42%) children were measles IgG positive at the 6-month visit and 37 (59%) were tetanus IgG positive. Median CD4 percentage increase was 9.5% and median 6-month CD4 percent was 15.8% (IQR 8.8, 20 .0) at 6 months. The median HIV-1 viral load at follow-up was 2.3 log 10 copies/ml, representing a decrease of 3.7 log 10 copies/ml following 6 months of HAART.
Of the 62 children, 37 (60%) were measles IgG negative and 6 (10%) had borderline results at baseline (Figure 1 ). Seventeen (40%) among these 43 (negative plus borderline) developed a positive IgG response post-HAART. However, we also observed a loss of antibody response among those initially positive. Ten (53%) of 19 children with baseline positive responses were antibody negative at 6 months (p=0.25). When comparing children who lost responses with those who remained measles IgG positive during follow-up, there was a significant difference in baseline measles antibody concentrations (7.1 versus 20.3 mg/ml; p=0.003). No consistent pattern characterized children with borderline responses followed for 6 months: 3 converted to a positive response, 1 remained borderline, and 2 reverted to negative.
Among children who were measles IgG negative at baseline, there was a trend for lower baseline HIV-1 RNA viral loads to be associated with seroconversion to positive measles IgG antibody status after 6 months of HAART (p=0.057). At baseline, median viral load was 0.5 log 10 copies/ml lower among children with positive responses after HAART than in those who remained measles IgG negative (Table 1) . Children with responses tended to have higher CD4% after taking 6 months of HAART than those remaining antibody negative (20.7 versus 14.2; p=0.09). In addition, there was a trend for seroconverting children to have greater change in their height-for-age z-scores (p=0.09). Viral load at the 6-month follow-up visit was not associated with seroconversion (2.02 and 2.51 log 10 copies/ml for seroconverters and nonconverters, respectively; p=0.4)( Table 1) . Seroreversion from a positive to negative response was not associated with any of these factors.
Tetanus antibody status at enrollment and during follow-up is diagrammed in Figure 2 . Among 62 children followed for 6 months on HAART, 13 (21%) were antibody negative at baseline (Figure 2 ). Ten (77%) of these children remained tetanus antibody negative and 3 (13%) became tetanus antibody positive. For the 49 children with positive baseline responses, 34 (69%) remained antibody positive and 15 (31%) reverted to a negative antibody status, resulting in a significant difference in status (p=0.008). Median age for children converting to antibody positivity was 5.5 years compared to 3.7 years for those remaining antibody negative (p=0.03). There was a trend for the change in CD4 percent from enrollment to month 6 to be greater for children who converted to tetanus positive status (10.9 versus 1.3% change for seroconverters and non-converters, respectively; p=0.08). HIV-1 viral load and growth z-scores were no different among those who did and did not seroconvert. The 15 children who reverted from positive to negative tetanus IgG tended to be younger (4.1 versus 5.6 years at enrollment; p=0.098). This was not the case for 10 children reverting from positive to negative measles IgG and there was no association between tetanus and measles reversion in this cohort. Tetanus IgG concentration was also no different for children reverting compared to children remaining antibody positive (0.54 versus 0.43 IU/ml; p=0.30)
Post-HAART response to measles and tetanus immunization
Eighteen children were re-immunized against measles and 24 were re-immunized against tetanus. Among those not immunized against measles were 17 (47%) who did not meet criteria for measles immunization because their CD4 percent remained <15% and 3 children who were lost to follow-up between 6 and 9 months. Median CD4 percent for children re-vaccinated against measles was 20% (IQR 17.1, 25.4) and for children re-vaccinated against tetanus it was 16% (IQR 9.7, 20.3). Overall, positive responses were observed in 14 (78%) of 18 children reimmunized against measles and 18 (75%) children re-immunized against tetanus. Eleven of the 18 had measles IgM assays performed on specimens obtained 2 weeks after re-vaccination and none was positive. There were no adverse reactions to re-vaccination.
DISCUSSION
In this prospective study, only one-third of antiretroviral-naïve HIV-1-infected Kenyan children with a history of prior measles vaccination had protective titers of measles antibody, a rate comparable to that reported in some studies and lower in others 4, 12, 13 . One explanation for low rates of measles seropositivity despite prior vaccination is that children in this cohort had advanced HIV disease, with a median CD4 percent of 6.3% and median HIV-1 viral load of 1,000,000 copies/ml. All children were infected via mother-to-child HIV-1 transmission and had progressed to clinical AIDS before enrollment into the study. Recruitment into this study involved identification of clinically ill children, thus our results reflect typical pediatric HIV clinic attendees who may be sicker than infants identified via prevention of mother-to-child transmission of HIV-1 programs.
Lack of measles antibody for children with advanced HIV disease may be because of failed induction after initial vaccination or of loss of measles-specific antibody responses over time with progressive HIV disease. Other studies would suggest that it is a combination of these two factors 11 . We did not observe measles-specific IgM responses 2 weeks following revaccination, suggesting children had previously been exposed to measles. In addition, approximately 40% of children who were measles antibody negative at enrollment converted to measles antibody positive status after immune reconstitution, which would be consistent with prior immunity. However, 60% of children did not convert after HAART and a large proportion (53%) of children who were initially measles IgG positive reverted to antibody negative status during the 6-month follow-up period. For tetanus, change in status from positive to negative was statistically significant, with 15 (31%) of 49 losing tetanus antibody on HAART. Other studies have also found defective humoral immunity among children on HAART and possible explanations include slow functional recovery of B-cell memory and a shorter life-span of plasma cells in HIV-infected children 25 . Regardless of the underlying mechanism, HAART alone was not sufficient to restore immune responses in this study and re-vaccination was necessary for a significant number of children.
There may be significant public health implications of these findings. As a result of the decreased ability of HIV-1-infected children to generate and maintain protective vaccineinduced immunity, a growing number of vulnerable children may compromise the World Health Organization's Expanded Program on Immunizations. In past years, increased vaccine failure among HIV-1-infected children would have been offset by high mortality in this population. However, with the increased accessibility of HAART around the world, and in sub-Saharan Africa in particular, HIV-1 infected children will have extended life expectancies, and could potentially have a greater impact on measles epidemics. This makes it even more important to assess the impact of HAART on immunity against routine childhood immunizations in order to develop appropriate immunization strategies to optimize vaccination.
In contrast to measles immune responses which were present in a minority of children at baseline, the majority (>75%) had positive tetanus IgG antibody titers at enrollment. This is consistent with data showing that cellular immune compromise adversely impacts measles but not tetanus vaccine responses 26 . While the humoral response is of paramount importance for vaccine-induced protection against both measles and tetanus, cellular immunity is critically important for mounting a measles vaccine response 26 , as demonstrated by studies among immunosuppressed individuals vaccinated against measles showing compromised and more transient responses 9 . The fact that tetanus vaccine is first administered during the first 2 months of life whereas measles vaccine is administered at 9 months of age may also contribute to the differential responses. More children are infected with HIV-1 by 9 months, with many experiencing severe immune dysfunction that may not have been present earlier.
All children demonstrated immune reconstitution following 6 months of HAART, with increased CD4 percentage, decreased viral loads, and improved z-score measurements. However, no clinical or immunologic markers were found to be significantly associated with either baseline or 6-month vaccine immune status, or with change in measles antibody status. There was a trend for children with lower baseline HIV-1 viral load to be more likely to be measles antibody positive at baseline and to seroconvert to measles antibody positive status after 6 months of HAART. Children converting from negative to positive for measles antibody had a baseline HIV-1 viral load that was approximately one-half log 10 lower than children who remained antibody negative. It would therefore be difficult to identify children receiving HAART who would be more or less likely to require repeat immunization in the absence of antibody testing. Programs would need to re-vaccinate all children with immune reconstitution meeting CD4% criteria or measure measles antibody concentrations and only re-immunize those with low negative or borderline titers, as was done in this study, estimating that approximately 75% of these children would seroconvert to measles and tetanus antibody positive status following re-vaccination. Empiric re-vaccination may be more cost-effective and provide longer term benefits to programs. Notably, WHO policies do not include recommendations for either approach. This study provides further evidence for the need for such recommendations.
In conclusion, these data suggest that the WHO recommended vaccination schedules for HIV-1 infected children in developing countries may be inadequate. We found no significant increase in measles or tetanus responses post-HAART, and observed waning responses for 15 children who were initially tetanus antibody positive and later antibody negative and 10 children who were initially measles IgG positive. However, response to re-vaccination post-HAART was excellent. Additional boosters after immune reconstitution in regions where HAART is available appear to be necessary to achieve adequate immune responses. With increased access and use of HAART in pediatric populations, re-vaccination may have great benefit at the individual and community level for measles, tetanus and potentially other vaccine-preventable disease. Enrollment and measles antibody status of study participants during follow-up Enrollment and tetanus antibody status of study participants during follow-up (n = 70) * Clinically borderline measles IgG results were included as negative results. † Among 60 children who were measles IgG negative at enrollment, 43 completed 6 mo of follow-up; 17 died or were lost to follow-up prior to study completion. ‡ Among 20 children who were tetanus IgG negative at enrollment, 13 completed 6 mo of follow-up; 7 died or were lost to follow-up prior to study completion.
